INTRODUCTION
The objective of scour depth analysis is to assess and evaluate the stream stability and scour depth at bridge sites. This is one of a series of reports presenting the analysis of scour depths for designated bridges throughout Massachusetts in partial fulfillment of a cooperative agreement between the Massachusetts Highway Department (MHD) and the U.S. Geological Survey (USGS). Each analysis includes a survey of cross sections upstream and downstream of a selected bridge and a survey of the bridge face opening. The survey data were processed and used in a WaterSurface-PROfile (WSPRO) computer model (Shearman, 1990) to determine surface-water levels for four flow rates, fi 10, Q5Q, fi100, and Q5QQ for the 10-, 50-, 100-, and 500-year floods and for the maximum discharge before pressure flow under the bridge. The results of each computer model were used in scour equations to estimate maximum potential scour depths at the bridge site from contraction, abutment, and pier scour (Richardson and Davis, 1995) .
OVERVIEW OF BRIDGE SITE
The bridge A07011, is over the Powwow River at Pond Street in Amesbury, Massachusetts. The Powwow River is located in the Merrimack River major drainage basin. The bridge is located in MHD District 4. The bridge is a single arch, stone masonry structure, 33 ft wide and 25 ft long, with no piers and small wingwalls. The drainage area for the site is 50.44 mi2. The Powwow River at the bridge site has a channel slope of approximately 0.0002 ft/ft (1 ft/mi), an average channel top width of approximately 40 ft and an average channel depth of 10 ft at the 100-year flood. The predominant streambed material is gravel is 0.035 ft or 10.6 mm). The banks are gravel with some silt and sand. The river is regulated at the Wooden Dam, a low dam with a sluice gate, located 262 ft downstream from the bridge. The land use near the bridge is largely urban. The area on the upstream left side is a grass-covered open area with a house. The words "left" and "right" in this report refer to directions that would be reported by an observer facing downstream. The downstream left side is an old mill building running along the stream to the dam. The upstream right side of the bridge is a grass-covered open area with a house and the downstream right side is a grass-covered area with a sidewalk and a parking lot set back from the stream.
WATER-SURFACE PROFILE ANALYSIS
The Water-Surface Profile (WSPRO) computer model determines water-surface levels based on backwater calculations. The WSPRO analyses assume a fixed bed and a one-dimensional, gradually varied, and steady flow. The model has several options and can determine overall hydraulic conditions at a site or can approximate transverse distributions of downstream velocity for a predetermined discharge and surface-water level by dividing the channel width into 20 equal-conveyance streamtubes. The computer model uses special routines to compute hydraulic conditions in the vicinity of bridges (Shearman and others, 1986; Shearman, 1990) .
A WSPRO model was used at bridge site A07011 to determine the water-surface profile through the bridge opening for four flood flow rates, £?io» fiso* fiioo* and fisoo-1^6 mree smaller floods passed under the bridge without causing pressure flow or road overtopping, but pressure flow and road overtopping occurred (at the same flow rate) before the 500-year flood was attained.
Description of Field Data
Cross sections were surveyed for the approach (APPR1), roadway (RDWAY), downstream bridge face (BRIDG), exit (EXTT1 and EXTT2), and downstream dam (DSDAM) sections. The dam's spillway acts as a control, approximated as critical depth over a broadcrested weir. The EXTT2 cross section was located at the upstream face of the dam. The DSDAM cross section was located at the spillway crest. The bridge cross section (BRIDG) was measured at the downstream side of the bridge. The altitude, 497.14 ft, of the top of the arch was used as a local datum. The roadway cross section (RDWAY) was surveyed to anticipate potential overtopping of the bridge by a flood.
The streambed was predominately gravel with some sand and underlying bedrock. Manning's roughness values were determined and a scoop sampler was used for collection of medium-and fine-grained material in the riverbed (Hayes, 1993) at the site when the cross sections were surveyed.
Assumptions and Calculations for Model
Several calculations and assumptions were made before the water-surface model was run:
(1) The flood discharge values for the £?io» QSQ, QIQQ, and £500 were calculated based on relative drainage basin elevation and drainage basin area, using regression equations developed by P.J. Murphy (U.S. Geological Survey, written commun., 1996). The Flood Insurance Study (FIS) for Amesbury (Federal Emergency Management Agency, 1992) based its flood-flow-rate estimate for the 100-year flood on regression equations developed by Wandle (1983), but did not estimate the size of other floods. The FIS estimate for the 100-year flood was 13 percent smaller than the Murphy estimate.
(2) One cross section was templated in this analysis; the full-valley (FULLV) section was developed from the EXTT1 section. The section reference distance (SRD) was set to zero at the downstream face of the bridge. The input file for the WSPRO water-surface analysis (Shearman, 1990 ) is shown in appendix A.
(3) The critical depth of the water at the spillway crest of the Wooden Dam was used to estimate the starting-water-surface elevation downstream from the bridge for the water-surface-profile computations. The FIS for Amesbury (Federal Emergency Management Agency, 1992) used the tidal elevations of the Menimack River as the starting-water-surface elevations for the Powwow River in Amesbury.
(4) Survey data were processed for input into WSPRO using an Automated WSPRO Input and Survey Processing Program (AWISPP) (E. Boehmler, U.S. Geological Survey, written commun., 1996) . AWISPP calculates many of the parameters required in WSPRO such as section-reference distances, and the geometry of the bridge, wingwall, abutments, and embankments. AWISPP also was used to calculate channel slope, align cross sections to the left edge of water, process bends in cross section lines, compute the best fit segment line to straighten cross sections, and compute skew angles. The input file for WSPRO created with AWISPP is shown in appendix A.
(5) The left edge of water at the approach, bridge, full valley, and exit cross sections was set to zero to maintain consistency between the sections. This was done in AWISPP by setting the ^-coordinate of the left edge of water at each station equal to zero.
(6) Because the bridge had vertical abutments, small wingwalls, and a vertical road embankment, the bridge was classified for WSPRO as a type 1A bridge (Shearman, 1990 ).
(7) The particle-size distribution for the sand and gravel collected at the downstream bridge face was determined using sieve analysis (Folk, 1980) . The d$Q under the bridge is 0.035 ft. This grain-size distribution was assumed to apply to the bed material at the approach and exit sections.
(8) The Manning's roughness coefficients for the various parts of the cross sections at the site were assigned values dependent on the bed grain size and on the channel's and overbanks' shapes and roughnesses (Arcement and Schneider, 1984) . The stream channel was assigned a value of 0.035 for the whole length of the site. The Manning's roughness coefficient was designated as 0.060 for all the overbank areas. This overbank value includes the effects of the mill building and houses. A wall was set in the dam cross section to show the location of the mill building on the left side of the exit cross section. The FIS for Amesbury (Federal Emergency Management Agency, 1992) used the same roughness coefficients as were used in this study.
Water-Surface Profile Model Results
The backwater curves for the four flood flow rates, g 10, g50, g 100, and g500, and for the maximum discharge before pressure flow under the bridge were calculated using WSPRO analysis. The flow at the exit cross section was subcritical for all five floods because the Wooden Dam, downstream from the bridge, regulates the water levels at the downstream end of the bridge site.
The computer model calculations indicated the water surface reached low chord of the bridge, pressure flow, and road overtopping at approximately 2,160 fr/s. The pressure flow occurred before the 500-year flood discharge, but the 500-year flood was included in the water-surface-profile analysis. The results of the computer model calculations are included in appendix B. The WSPRO analysis of the bridge hydraulics showed high velocities at the bridge (5.52 to 11.9 ft/s). The water-surface profiles for the 10-, 50-, 100-, and 500-year floods and for the maximum discharge before pressure flow and road overtopping are shown in figure 1 (at back of report). The FIS for Amesbury showed three water-surface profiles near the bridge at Pond Street that were roughly 1 ft lower than the results of this study. However, the FIS profile for the 500-year flood did not indicate pressure flow or road overtopping and was 3 ft lower than the result of this study.
POTENTIAL SCOUR ANALYSIS
Scour depths were computed using the general guidelines described in Richardson and Davis (1995) and Arneson and others (1992) . The hydraulic model WSPRO was used to determine water-surface profiles and other hydraulic variables needed for scour calculations, such as discharge, velocity, and depth.
Assumptions and Calculations for Potential Scour
Several equations that are presented and explained in Richardson and Davis (1995) were used to calculate the potential contraction and abutment scour for this bridge, depending on the situation during each flood event. The Neill equation was used to determine the applicability of the live-bed or clear water equations for potential contraction scour. Based on the results of the Neill equation analysis, the appropriate scour equations were used to determine scour depths for the main channel, left overbank, and right overbank of the approach and bridge sections. The contraction scour depths were determined using the Larsen clearwater contraction scour equation. The abutment scour depths were calculated using the Froehlich equation. This report focuses on contraction and abutment scour because the bridge has no piers.
The HIRE equation (Richardson and Davis, 1995) was not applied to bridges in this study. Although HEC-18 recommended use of the HIRE equation for long (Lf/Y^ > 25) embankments blocking flow on flood plains, "where conditions are similar to the field conditions from which the equation was derived," those field conditions did not occur at this bridge. The decision to not use the HIRE equation also was recommended in a discussion with L. Arneson, Regional Engineer, FHWA, Denver on January 8, 1997.
Scour depths were calculated assuming an infinite depth of erosive material and a homogeneous particle-size distribution. However, bedrock may underlie the observable channel bed and limit the scour depths.
To clarify the use of variables, different sections of the river reach at the site have been assigned letters associated with the parameters used for the scour calculations from WSPRO output. Variables associated with the approach section are assigned the letter a, the variables for the upstream bridge face have a letter b, and the downstream bridge face have the letter c, with subscripts m, /, and r corresponding to the main channel, left flood plain and right flood plain, respectively (tables 2 through 5, at back of report).
Scour Calculation Results
Scour calculations were done for contraction and abutment scour. The results of the scour depth analysis are presented in tables 3 through 5. The numbers in the tables have been rounded to 3 significant figures unless otherwise written. The scour depths have been rounded to the nearest foot.
Exposed abutment footings and scour holes were not observed during the field inspection. Riprap was not observed near the bridge foundations, but was observed along both banks just upstream from the bridge and extending along the upstream right bank.
The Neill equation was applied at the approach cross section of the Pond Street bridge over the Powwow River in Amesbury. All flood flows filled the main channel and extended onto both flood plains at the approach cross section. The stream channel under the bridge has no left or right overbanks. The results of the analysis with the Neill equation (table 2) showed that the gravel in the main channel of the approach cross section were too large for sediment motion, thus a clear-water scour analysis was applicable at this bridge.
Contraction Scour
Laursen's clear-water contraction-scour equation (Richardson and Davis, 1995) was applied to the main channel at the bridge cross section. The calculations are shown in table 3. The contraction scour results indicated that the d50 of the gravel was small enough that clear-water scour would occur at the bridge site for all but the 10-year flood. The contraction scour depths were small, 0 to 6 ft. The altitudes of the bottoms of the potential contraction scour holes for the four floods without pressure flow, referenced to the low chord of the bridge at 497.5 ft, are 486,483,481, and 480 ft. The altitude of the potential contraction scour for the maximum discharge before pressure flow is shown in figure 2 (at back of report).
Abutment Scour
Froehlich's abutment scour equation (Richardson and Davis, 1995) was applied to the left and right abutments. Those abutment scour calculations are given in tables 4 and 5. The results show that the right abutment has a range of scour depths from 4 to 7 ft and the left abutment has larger scour depths, from 7 to 12 ft. However, no scour was observed on a visit to the site on October 20,1994 (M. Lombardo, Environmental Careers Organization, written commun., 1994 . The depths of the abutment scour are added to the contraction scour depths to determine total scour at the abutments. The altitudes of the bottoms of the total potential scour holes at the left abutment, referenced to the low chord of the bridge at 497.5 ft, are 482,480,479, and 479 ft. The altitudes of the bottoms of the total potential scour holes at the right abutment, referenced to the low chord of the bridge at 497.5 ft, are 489,488,488, and 481 ft. The abutment scour depth profile is not shown in figure 2 because the values for abutment scour are not considered to be reliable. 
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